A study is presented on the in vivo effect of elevated cAMP levels induced by cholera toxin on the phosphorylation of subunits of the mitochondrial respiratory complexes and their activities in Balb/c 3T3 mouse fibroblast cultures. Treatment of serum-starved fibroblasts with cholera toxin promoted serine phosphorylation in the 18-kDa subunit of complex I. Phosphorylation of the 18-kDa subunit, in response to cholera toxin treatment of fibroblasts, was accompanied by a 2-3-fold enhancement of the rotenone-sensitive endogenous respiration of fibroblasts, of the rotenone-sensitive NADH oxidase, and of the NADH:ubiquinone oxidoreductase activity of complex I. Direct exposure of fibroblasts to dibutyryl cAMP resulted in an equally potent stimulation of the NADH:ubiquinone oxidoreductase activity. Stimulation of complex I activity and respiration with NAD-linked substrates were also observed upon short incubation of isolated fibroblast mitoplasts with dibutyryl cAMP and ATP, which also promoted phosphorylation of the 18-kDa subunit. These observations document an extension of cAMP-mediated intracellular signal transduction to the regulation of cellular respiration.
catalytic site of the enzyme is exposed to the matrix side of the inner mitochondrial membrane (15) , where, among others, it phosphorylates proteins of 42, 29, 18, and 6.5 kDa by ATP in response to added cAMP (10, 11, 15) . The cAMP-dependent phosphoprotein of 18 kDa, which is tightly associated with the inner membrane, was shown to be the nuclear encoded 18-kDa AQDQ subunit of complex I (16) , the first enzyme of the mitochondrial respiratory chain (NADH:ubiquinone oxidoreductase, EC 1.6.5.3) (17, 18) . The mature 18-kDa protein, which does not bind prosthetic groups, has, in Bovus taurus at positions 129 -131, a canonical cAMP-dependent protein kinase phosphorylation consensus site (RVS) in which S is the residue that is phosphorylated (12, 19) . The protein has a leader sequence, removed after import in mitochondria (17) , that also presents a phosphorylation consensus site (RSLS) at positions Ϫ10 to Ϫ7. The 18-kDa subunit of complex I appears to be highly conserved in the known sequences of mammals and Neurospora crassa ( Fig. 1) (17, 20 -22) . 1 We show in this study that cAMP induces, in serum-starved 3T3 mouse fibroblast cultures, phosphorylation of the 18-kDa subunit of complex I and promotes the activity of the complex as well as respiration with NAD-linked substrates. These findings document an extension of cAMP-mediated intracellular signal transduction to the regulation of cellular respiration.
EXPERIMENTAL PROCEDURES
Materials-Balb/c 3T3 mouse fibroblasts were from American Type Culture Collection. Dulbecco's modified Eagle's medium, phosphatebuffered saline (PBS), 2 trypsin (0.05%)/EDTA (0.02%), penicillin, streptomycin, calf serum, and fetal bovine serum were from EuroClone. Dibutyryl cAMP, decylubiquinone, 3-isobutyl-1-methylxanthine (IBMX), protein A-Sepharose, antimycin A, rotenone, carbonyl cyanide m-chlorophenylhydrazone, horse heart cytochrome c, acetyl coenzyme A, and mouse monoclonal anti-phosphoserine antibody were from Sigma. Horseradish peroxidase-conjugate goat anti-mouse IgG antibody, dodecyl maltoside, high-purity digitonin, okadaic acid, and cholera toxin were from Calbiochem. Western blot chemiluminescence reagent was from NEN Life Science Products. All other chemicals were of the highest purity available. Polyclonal antibodies against subunits of bovine heart complex I were kindly provided by Professor John Walker (Medical Research Council, Cambridge, United Kingdom).
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ʈ Permanent address: Inst. of Microbiology, Czech Academy, Praha, Czech Republic. 1 Marra, M., Hillier, L., Allen, M., Bowles, M., Dietrich, N., Dubuque, T., Gesisel, S., Kucaba, T., Lacy, M., Le, M., Martin, J., Morris, M., Schellenberg, K., Steptoe, M., Tan, F., Underwood, K., Moore, B., Theising, B., Wylie, T., Lennon, G., Soares, B., Wilson, R., and Waterston, R. (1996) GenBank TM /EBI Data Bank Mouse EST Project, accession number AA260316. 2 The abbreviations used are: PBS, phosphate-buffered saline; IBMX, 3-isobutyl-1-methylxanthine; Q, ubiquinone; PAGE, polyacrylamide gel electrophoresis; TMPD, O-tetramethyl-p-phenylene diamine di-HCI. medium with 10% calf serum at 37°C. Once they were at 75% confluence, the medium was replaced with Dulbecco's modified Eagle's medium with 0.5% fetal bovine serum. After 3 days of serum starvation, cells were incubated at 37°C and, where indicated, treated for 3 h with 1 g/ml cholera toxin ϩ 100 M IBMX or exposed for different times to 100 M dibutyryl cAMP ϩ 100 M IBMX (24) . The fibroblasts were harvested from Petri dishes with 0.05% trypsin, 0.02% EDTA, and phosphatase inhibitors (5 mM NaF, 500 nM okadaic acid, and 1 mM sodium orthovanadate) (25) and washed in PBS (pH 7.4) with 5% calf serum. Mitoplasts were prepared from freshly harvested fibroblasts and exposed for 10 min on ice to 0.2 mg of digitonin/mg of cellular protein as described (26) .
Cellular Respiration-Cells or mitoplasts were suspended in PBS, and respiration was monitored by oxygen polarography (27) .
Spectrophotometric Assay-The citrate synthase (28) and cytochrome c oxidase (29) activities were determined at 37°C as described. For measurements of the NADH:O 2 oxidase and NADH:Q oxidoreductase activities, fibroblasts or mitoplasts were exposed to ultrasound energy for 15 s at 0°C. The NADH:Q oxidoreductase activity of fibroblasts or isolated mitoplasts was determined with NADH as reductant and decylubiquinone as oxidant (30) following the oxidation of NADH at 360 -374 nm using a ⌬⑀ of 2.01 mM Ϫ1 (31). Electrophoresis and Immunoblotting-SDS-PAGE of mitoplasts dissolved in the lysis buffer (5% SDS, 50 mM Tris-Cl, 2% ␤-mercaptoethanol, and 15% glycerol (pH 6.8)) was carried out as described (10) . Two-dimensional gel analysis (blue native PAGE/SDS-PAGE) of mitoplasts was performed as described (32) . After SDS-PAGE, gels were silver-stained or blotted onto nitrocellulose, incubated with a mouse monoclonal anti-phosphoserine antibody or a polyclonal antibody against the 24-kDa subunit of complex I, and revealed with anti-mouse IgG immunoperoxidase using the ECL reagent.
Immunoprecipitation-Protein A-Sepharose (20 mg) was washed in 50 mM Tris, 150 mM NaCl, and 1% lauryl maltoside (pH 7.4) and resuspended in 50 l of the same buffer. Rabbit antibody against the 75-kDa subunit of complex I (20 g) was added; and after 6 h if incubation, the unbound antibody was washed out by centrifugation. 30 g of mitoplast protein were then added to the antibody-Sepharose complex in a final volume of 100 l of the above medium. After 8 h of incubation, the protein A-Sepharose immunoprecipitate was collected by centrifugation and dissolved in 20 l of lysis buffer. Fig. 2 shows the immunodetection by anti-phosphoserine antibody of phosphoproteins from mitoplasts prepared from serum-starved mouse fibroblasts. 3-h treatment of starved fibroblasts with cholera toxin, which induces a massive production of intracellular cAMP (24) , promoted serine phosphorylation of the 18-kDa protein band (Fig. 2, lane 3) . Enhanced serine phosphorylation of this protein compared with the untreated control (Fig. 2, lane 1) was also observed upon direct treatment of mitoplasts from untreated control fibroblasts with dibutyryl cAMP plus ATP (lane 2). Antibody against the 24-kDa subunit of complex I did not reveal a significant change in the steady-state level of the 24-kDa subunit (Fig. 2, lanes 1-3) .
RESULTS
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To confirm that the detected subunits were derived from complex I, mitoplasts were subjected to immunoprecipitation using antibody against the 75-kDa subunit of the complex. The 18-and 24-kDa subunits were detected in the immunoprecipitate by immunoblotting with anti-phosphoserine and anti-24-kDa subunit antibodies, respectively (Fig. 2, lanes 4 -6) . The results confirmed a marked enhancement of serine phosphorylation in the 18-kDa protein upon treatment of mitoplasts from control fibroblasts with dibutyryl cAMP plus ATP or treatment of cells with cholera toxin. Subunits from respiratory complexes I and III-V from untreated ( 
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18-kDa subunit of complex I in treated compared with untreated cells.
cAMP Stimulation of Complex I and Respiration-Serum starvation of cell cultures results in depression of complex I and cellular respiration (33) . Analysis of the respiratory activity showed that the depressed rotenone-sensitive endogenous respiration of serum-starved 3T3 fibroblasts was markedly activated (p Ͻ 0.005) by a 3-h treatment of the cells with cholera toxin (Table I) . Respiratory activities with succinate or ascorbate plus TMPD were, on the other hand, not significantly affected. Cholera toxin treatment of starved fibroblasts resulted in a 2-3-fold enhancement of the rotenone-sensitive NADH oxidase (Table I ) and of the NADH:Q oxidoreductase activity of complex I (p Ͻ 0.01) (Fig. 4 and Table I ). The cytochrome c oxidase and citrate synthase remained unchanged under the same experimental conditions in which complex I was strongly activated (Table I) . Direct exposure of 3T3 fibroblasts to dibutyryl cAMP also resulted in stimulation of the NADH:Q oxidoreductase activity of complex I (Fig. 5) . Analysis of the time course of the effect of dibutyryl cAMP on complex I activity in the fibroblast culture showed this to take place in two phases. There was first a 70% stimulation, which
TABLE I
Effect of cholera toxin on respiratory and enzymatic activities of serum-starved 3T3 mouse fibroblasts Serum-starved Balb/c 3T3 mouse fibroblasts and starved fibroblasts incubated for 3 h with cholera toxin ϩ IBMX were suspended in PBS with phosphatase inhibitors, and respiration was monitored at 37°C in 650 l of cell suspension (1.5-2 ϫ 10 6 cells) in 75 mM sucrose, 30 mM Tris-Cl, 50 mM KCl, 0.5 mM K-EDTA, 0.5 mM MgCl 2 , and 2 mM potassium phosphate buffer (pH 7.4). The endogenous respiration was recorded in the presence of 1 M carbonyl cyanide m-chlorophenylhydrazone and corrected for residual respiration in the presence of 1 g/ml rotenone. Cells were then permeabilized with 0.002% digitonin, and 10 mM succinate was added. Succinate oxidation was blocked with 0.1 M antimycin A before the addition of 2 mM ascorbate ϩ 0.2 mM TMPD to support cytochrome c oxidase activity (27) . This activity was corrected for the residual respiration recorded after the addition of 0.3 mM KCN. Enzymatic activities were determined as described under "Experimental Procedures." The NADH:O 2 oxidase activity was measured by following spectrophotometrically the oxidation of 1.25-25 M NADH by control and cholera toxin-treated sonicated fibroblasts (5 ϫ 
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was completed in 30 min or less. This was followed by a larger stimulation, up to ϳ3-fold, which was completed in 90 min. Brief (5 min) direct treatment of mitoplasts isolated from serum-starved fibroblasts with 5 M dibutyryl cAMP and ATP, which also promoted the phosphorylation of the 18-kDa subunit of complex I ( Fig. 2 ; see also Ref. 11), resulted in enhancement of the respiratory activity with glutamate plus malate (ϩ80%, p Ͻ 0.005) and of the NADH:Q oxidoreductase activity of complex I (ϩ55%, p Ͻ 0.01) (Fig. 6 and Table II) . DISCUSSION The results presented show that an elevation of intracellular cAMP induced in serum-starved fibroblasts (G 0 phase) by exposure to cholera toxin results in the serine phosphorylation of the nuclear encoded 18-kDa subunit of complex I of mitochondria. The mouse 18-kDa protein of complex I has, like the corresponding bovine, human, and N. crassa proteins, phosphorylation consensus sites both in the mature protein and the leader sequence (Fig. 1) (12) .
The cAMP-dependent phosphorylation of the 18-kDa subunit of complex I promoted by exposure of starved fibroblasts to cholera toxin was found to be associated with a 2-3-fold enhancement of the rotenone-sensitive endogenous respiration and of the rotenone-sensitive NADH oxidase of fibroblasts. This stimulation of NAD-linked respiration can be ascribed to promotion by cAMP of the NADH:Q oxidoreductase activity of complex I, which was also stimulated 2-3-fold by exposure of fibroblasts to cholera toxin. Direct treatment of the fibroblast culture with dibutyryl cAMP resulted, in fact, in a potent stimulation of the NADH:Q oxidoreductase activity. This effect of dibutyryl cAMP was characterized by an initial 70% stimulation of the NADH:Q oxidoreductase activity, which was completed in 30 min and was followed, after a lag, by a stimulation of this activity up to 3-fold. Brief incubation of the isolated mitoplasts from the 3T3 fibroblasts with dibutyryl cAMP, which also promoted phosphorylation of the 18-kDa subunit of complex I, resulted in 55 and 80% stimulation of NADH:Q oxidoreductase activity and NAD-linked respiration, respectively. Direct measurements of other mitochondrial activities showed that the stimulation of respiration brought about by cholera toxin treatment of fibroblasts or direct treatment with dibutyryl cAMP of fibroblasts or isolated mitoplasts did take place in the absence of any significant stimulation of respiratory activity with succinate, which utilizes complexes III and IV or ascorbate plus TMPD, which feeds electrons directly to complex IV (cytochrome c oxidase), or of the specific activity of cytochrome c oxidase and citrate synthase.
It can concluded that the strong stimulation of respiration and of the activity of complex I associated with the elevation of cellular cAMP in vivo is due to a direct positive regulatory action of the phosphorylation of the 18-kDa subunit of complex I. The time course of the effect of dibutyryl cAMP in the cells and the comparison of its stimulatory effect in the cells in vivo and in the isolated mitoplasts show, however, that the potent enhancement of the activity of complex I effected by cAMP in vivo is only in part due to direct positive regulatory action exerted on the catalytic activity by phosphorylation of the 18-kDa subunit of the complex by the mitochondrial cAMP-dependent protein kinase. Phosphorylation of this subunit by both the cytosolic (34) and mitochondrial (10, 15) cAMP-dependent protein kinases, in addition to direct stimulation of the catalytic activity, could also exert a positive effect on the import in mitochondria of the 18-kDa subunit and/or assembly of complex I. Further studies are in progress to clarify this aspect. The effect exerted by cAMP on complex I appears to differ from the induction of cytochrome c gene expression mediated by FIG. 4 . Lineweaver-Burk plot of NADH:Q oxidoreductase activity in serum-starved 3T3 mouse fibroblasts. Serum-starved Balb/c 3T3 mouse fibroblasts (q) and fibroblasts treated for 3 h with cholera toxin ϩ IBMX (E) were harvested, suspended in PBS with phosphatase inhibitors, and immediately sonicated. For NADH:Q oxidoreductase activity, 5 ϫ 10 5 sonicated cells were suspended at 37°C in 700 l of the reaction mixture reported in the legend to Table I Mitoplasts were prepared from serum-starved 3T3 fibroblasts as described under "Experimental Procedures" and immediately sonicated. 100 g of mitoplast proteins were suspended in 700 l of the reaction mixture described in Table I containing 0.5 mM ATP, 1 g/ml oligomycin, and 3 mM KCN; the temperature was 37°C. The mitoplast suspension was preincubated for 5 min in the presence (E) or absence (q) of 5 M dibutyryl cAMP; then 200 M decylubiquinone was added, and the reaction was started by the addition of 1.25-25 M NADH. The reaction was corrected for that in the presence of 1 g/ml rotenone.
cAMP-responsive element-binding protein and nuclear respiratory factor 1 activation by phosphorylation (23, 24) . In this case, the associated stimulation of (ascorbate plus TMPD)-dependent respiration begins after more prolonged serum induction of fibroblasts and most likely represents a long-term adaptation to an increased requirement for respiratory energy.
The present results provide evidence for a regulatory role of cAMP in the activity of complex I. This enzyme appears to represent a rate-limiting step for the overall respiratory activity as shown by the observation that cAMP stimulates, both in intact fibroblasts and mitoplasts, oxygen consumption supported by NAD-linked substrates. Thus, activation of mitochondrial respiration and ATP synthesis may be implemented through the cAMP-dependent activation of complex I.
Genetic evidence for a critical role of cAMP-dependent protein kinase-mediated phosphorylation of the 18-kDa (AQDQ) subunit of complex I in the regulation of the activity of this complex seems to be provided by the findings in a child affected by a severe deficiency of complex I. This patient had a 5-base pair duplication in the nuclear gene encoding the 18-kDa subunit (21) . This mutation, which was transmitted by autosomal recessive inheritance, caused a shift in the translational reading frame, resulting in an elongation of the mature protein by 14 amino acids and destruction of the phosphorylation consensus site.
TABLE II Effect of dibutyryl cAMP on respiratory activities and NADH:Q oxidoreductase activity in mitoplasts from serum-starved 3T3 mouse fibroblasts
For measurement of respiratory activity, mitoplasts isolated from serum-starved mouse 3T3 fibroblasts were suspended (1 mg of protein/ml) in the reaction mixture described in the legend to Table I . Respiration was measured at 30°C with 10 mM glutamate plus 10 mM malate in the presence of 1 M carbonyl cyanide m-chlorophenylhydrazone and 0.2 mM cytochrome c. The NADH-dependent respiration was then blocked with 0.1 M rotenone, followed by the addition of 10 mM succinate. Succinate oxidation was blocked with 0.1 M antimycin A before the addition of 2 mM ascorbate ϩ 0.2 mM TMPD to support cytochrome c oxidase activity. This activity was corrected for the residual respiration recorded after the addition of 0.3 mM KCN. For NADH:Q oxidoreductase activity, 100 g of sonicated mitoplast proteins were suspended in 0.7 ml of the reaction mixture described in the legend to Table I , supplemented with 3 mM KCN, 0.5 mM ATP, and 1 mg/ml oligomycin; the temperature was 37°C. The mitoplast suspension was preincubated for 5 min in the presence or absence of 5 M dibutyryl cAMP; then 200 M decylubiquinone was added, and the reaction was started with 1.25-25 M NADH. The reaction was corrected for that in the presence of 1 g/ml rotenone. V max and K m values were obtained from Lineweaver-Burk plots (see Fig. 6 ). Values represent the means Ϯ S.E., with number of experiments indicated in parentheses. 
